Two samples of vladimirite, one from Bou Azzer, Morocco, and the other from a new occurrence in Copiapó, Chile (designated as R100075 and R080001, respectively), were examined with an electron microprobe, single-crystal X-ray diffraction, and Raman spectroscopy. Our results show that vladimirite is monoclinic with space group P2 1 /c and unit-cell parameters a 5.8279 (2) (010) and are interconnected by AsO 4 and AsO 3 OH tetrahedra, as well as hydrogen bonds, along the b axis. Vladimirite is remarkable inasmuch as one of the hydrogen-bonded O-H···O distances (O12H-H···O3) is only 2.465(2) Å, which is the shortest donoracceptor distance of all known Ca-bearing arsenate minerals, similar to the short donor-acceptor distances observed in several synthetic compounds containing AsO 3 OH groups.
intRoDuction Because of the biological and geochemical importance of arsenic, especially its role in water and waste management, the crystal chemistry of As-bearing minerals has been a subject of extensive investigations (Smedley & Kinniburgh 2002 , Vaughan 2006 , O'Day 2006 . Under oxidizing conditions, arsenic commonly exists as As 5+ in water, with (AsO 4 ) 3 2 •5H 2 O, and weilite Ca(AsO 3 OH). Among these minerals, the crystal structures of all but vladimirite have been determined (Ferraris & Chiari 1970 , Chiari & Ferraris 1971 , Ferraris & Abbona 1972 , 1972a , 1972b , Catti & Ferraris 1974 , Catti et al. 1980 , Catti & Ivaldi 1983 , Lee et al. 2009 ).
Vladimirite is a secondary mineral formed in the oxidized zone of arsenic-bearing mineral deposits (Anthony et al. 2000) . It was first described by Nefedov (1953 Nefedov ( , 1955 , with the composition (wt. However, a further analysis by Pierrot (1964) of two different samples of vladimirite (one of the type material from Tuva Auton, Russia, and the other from the Irhtem mine, Morocco) produced, respectively, As 2 O 5 53.31, 52.1, CaO 34.0, 33.2, H 2 O 12.1, 12.1, sum 99.4, 97.4 (wt.%). These results are significantly different from those given by Nefedov (1953) , leading Pierrot (1964) to propose a chemical formula of Ca 5 H 2 (AsO 4 ) 4 •5H 2 O (Z = 3) for this mineral, which brings the calculated density of 3.17 g/cm 3 into accord with the measured one of 3.14(2) g/cm 3 . From the powder X-ray-diffraction data, Pierrot (1964) Pierrot (1964) and Yakhontova & Stolyarova (1970) demonstrates that the Moroccan material is the same as the type material. Vladimirite measured from R080001 is optically biaxial (+), with n a = 1.660, n b = 1.663, n g = 1.665, and 2V meas = 90.6°, as compared to those reported by Nefedov (1953 Nefedov ( , 1955 : biaxial (+), with n a = 1.650, n b = 1.656, n g = 1.661, and 2V meas = 70°.
The two samples were analyzed with a Cameca SX100 electron microprobe with an acceleration potential of 15 kV and a beam current of 8 nA. (Table 1) .
On the basis of our optical examination and X-raydiffraction peak profiles, nearly equidimensional crystals (~0.06 3 0.06 3 0.07 mm for R100075 and ~0.04 3 0.05 3 0.05 mm for R080001) were selected and mounted on a Bruker X8 APEX2 CCD X-ray diffractometer equipped with graphite-monochromatized MoKa radiation. The detailed experimental procedures were similar to those described by Yang et al. (2011) . Observed reflections with I obs > 2s(I) were indexed on the basis of a monoclinic unit-cell (Table 2) . No satellite or superlattice reflections were observed. Observed systematic absences of reflections for both samples indicate the unique space-group P2 1 /c. The structure was solved and refined using the program SHELX97 (Sheldrick 2008) . The positions of all atoms were refined with anisotropic displacement parameters, except for H atoms, which were refined with a fixed isotropic displacement parameter (U eq = 0.03). The ideal composition, Ca 4 (AsO 4 ) 2 (AsO 3 OH)•4H 2 O, was assumed for both samples during the structure refinements, as the overall effects of the trace amounts of Zn and Mn (Table 1) on the final structure results are negligible. Final refined coordinates and displacement parameters of atoms are listed in Table 3 , and selected bond-lengths in Table 4 . Because of the rather similar structural data between the two samples, we will only use the data of R100075, which are apparently of a better quality than those of R080001, for the discussion hereafter, unless otherwise stated. A table of structure factors and a cif file are available from the Depository of Unpublished Data [document Vladimirite CM49_1055] .
The Raman spectra of vladimirite were collected from a randomly oriented crystal at 100% power on a Thermo Almega microRaman system, using a solidstate laser with a wavenumber of 532 nm, and a thermoelectrically cooled CCD detector. The laser is partially polarized with 4 cm -1 resolution and a spot size of 1 mm.
DiScuSSion

Crystal structure and chemical formula
The crystal structure of vladimirite contains 23 distinct non-hydrogen atomic sites, with four occupied by Ca 2+ , three by As 5+ , eleven by O 2-, one by OH -, and four by H 2 O (Table 3) , giving rise to a structure formula Ca 4 (AsO 4 ) 2 (AsO 3 OH)•4H 2 O (Z = 4), rather than Ca 5 H 2 (AsO 4 ) 4 •5H 2 O (Z = 3) as given in the current list of IMA-defined minerals. Its main building units are AsO 4 (As1 and As2) and AsO 3 OH (As3) tetrahedra, plus CaO 7 (Ca1, Ca2, and Ca3) and CaO 8 (Ca4) polyhedra. The most striking feature of the vladimirite structure is manifested in its undulating layers formed by the four nonequivalent Ca polyhedra that share vertices and edges. These undulating layers are parallel to (010) and are interconnected by isolated AsO 4 and AsO 3 OH tetrahedra, as well as hydrogen bonds, along [010] (Fig. 1) .
Among the three AsO 4 tetrahedra in vladimirite, the protonated AsO 3 OH tetrahedron is expectedly the most distorted (Ferraris & Ivaldi 1984) , as measured in terms of the tetrahedron quadratic elongation (TQE) and tetrahedron angle variance (TAV) (Robinson et al. 1971) . The TAV and TQE indices are 7.84 and 1.002, 17.16 and 1.004, and 39.77 and 1.010, respectively, for the As1, As2, and As3 tetrahedra. All As-O and As-OH bond lengths fall in the ranges observed in other Ca arsenate minerals and compounds (Ferraris & Chiari 1970 , Ferraris & Abbona 1972 , 1972a , 1972b , Catti & Ferraris 1974 , Catti et al. 1980 , Catti & Ivaldi 1983 , Mihajlović et al. 2004 , Kolitsch & Bartu 2004 , Đorđević & Karanović 2008 , Lee et al. 2009 ), but with both the shortest (As-O11) and the longest (As-O12H) bonds within the As3 tetrahedra. 
The number of cations is normalized on the basis of 11.5 atoms of oxygen. References: (1) Nefedov (1953) , (2) Pierrot (1964) , (3) Yakhontova & Stolyarova (1970) , (4) (4) 0.2295(2) 0.31533(7) 0.0124(4) 0.012(1) 0.0133(7) 0.0124 (7) The bond-valence sums of three As 5+ cations, calculated using the parameters from Brese & O'Keeffe (1991) , are 4.96, 4.96, and 4.95 vu for As1, As2, and As3, respectively (Table 5) .
All four Ca polyhedra in vladimirite are quite irregular, with each of the Ca1 and Ca2 polyhedra having one H 2 O group in its coordination and each of the Ca3 and Ca4 polyhedra having three H 2 O groups in its coordination. Whereas each of the four Ca polyhedra shares three edges with other Ca polyhedra to form the undulating layers, the Ca3 and Ca4 polyhedra also share a vertex (Ow2) with each other (Fig. 2) . The calculated bond-valence sums for Ca1, Ca2, Ca3, and Ca4 are 2.09, 1.99, 1.91, and 1.91 vu, respectively (Table 5 ). The corrugation of the layers of Ca polyhedra in vladimirite is presumably caused by the mismatches in size among four nonequivalent Ca polyhedra ( (Assani et al. 2010) . Table 6 shows the hydrogen-bonding scheme in vladimirite. Except for H1...O6, which has a distance of 2.69 Å, all other distances between H atoms and acceptors are shorter than 2.08 Å. In fact, the H1...O6 distance may be too long to be regarded as a hydrogen bond, suggesting that the H1 atom from the OW1 could be dangling in the structure. Whereas none of four H 2 O groups is the H-acceptor, all four O atoms in the As1 tetrahedron, three (O5, O6, and O7) in the As2 tetrahedron, and one (O12H) in the As3 tetrahedron are H-acceptors. However, four oxygen atoms (O8, O9, O10, and O11) are not engaged in any hydrogenbonding, as also indicated by the calculated bondvalence sums (Table 5 ). Only O12H from the AsO 3 OH group acts as both H-donor (H9 to O3) and H-acceptor (H8 from OW4). Remarkably, the distance between O12H-H...O3 in vladimirite is only 2.47 Å, which is the shortest donor-acceptor distance (d D-A ) of all Ca arsenate minerals (Ferraris & Ivaldi 1984 ) and belongs to the shortest known examples, in which the donor and acceptor atoms are symmetrically distinct (Mihajlović & Effenberger 2006 , Đorđević & Karanović 2008 . (Đorđević & Karanović 2010) . It should be pointed out that Ferraris & Chiari (1970) and Ferraris et al. (1972b) , respectively, also observed the very short hydrogen-bond distances in weilite (O7...O7 = 2.397 Å) and in švenekite (O5...O5 = 2.436 Å and O8...O8 = 2.444 Å); those hydrogen bonds are symmetrical, rather than asymmetrical, as we observe in vladimirite.
Raman spectra
There have been numerous studies on a variety of arsenate minerals and compounds, especially those containing the AsO 3 OH groups, by means of infrared and Raman spectroscopic techniques (e.g., Mihajlović et al. 2004 , Đorđević & Karanović 2008 , 2011a , 2011b , Čejka et al. 2011 . We present our Raman spectroscopic measurements of vladimirite in Figure 3 . Based on previous studies on various hydrous arsenates, we made a tentative assignment of major Raman bands for vladimirite (Table 7) . However, because of the presence of three symmetrically nonequivalent AsO 4 groups, of which one is protonated, and four H 2 O groups in vladimirite, it is difficult to unambiguously assign some Raman bands to specific modes. Figure 3b shows the Raman bands originating mainly from the OH stretching vibrations between 2700 and 3800 cm -1 , and H 2 O bending vibrations between 1500 and 1750 cm -1 . The O-H...O hydrogen-bond lengths inferred from the measured spectrum are in the range 2.60-2.85 Å (Libowitzky 1999) , which compare well with those determined from our X-ray structural analysis (2.61-2.80 Å), except for the very short O12H-H9...O3 distance, 2.47 Å. According to Libowitzky (1999) , the short O12H-H9... O3 hydrogen bond may be responsible for the band at 1475 cm -1 . Yet, it should be noted that the Raman bands in the region of 1400-1800 cm -1 may also result from the H 2 O bending vibrations, although Raman spectroscopy is not very sensitive for the detection of the H-O-H bending mode. The sharp, relatively strong peak at 2253 cm -1 may be ascribed to the stretching vibration of the strongly hydrogen-bonded OH in the AsO 3 OH unit (Frost et al. 2011b) . Vibrations of the arsenate AsO 4 and AsO 3 OH groups are responsible for the bands between 700 and 1000 cm -1 , and weak ones between 300 and 550 cm -1 . The bands below 300 cm -1 are attributed to lattice vibrational modes and Ca-O interactions. Catti & Ivaldi (1981) that this mineral does not belong to the group of minerals and inorganic salts with the general formula M 5 (XO 4 ) 2 (XO 3 OH) 2 •nH 2 O, where X = As, P and M = Ca, Mg, Mn, Zn (Catti & Ivaldi 1981) , and, as a consequence, it cannot be obtained simply by dehydration of other compounds in this group, unless a decomposition process is involved to achieve the proper M:X ratio of 4:3 for vladimirite. Nonetheless, given the monoclinic 
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